We have investigated the polymorphic phase transformations above ambient temperature for 3-chloro-trans-cinnamic acid (3-ClCA, C 9 H 7 ClO 2 ) and a solid solution of 3-ClCA and 3-bromo-trans-cinnamic acid (3-BrCA, C 9 H 7 BrO 2 ). At 413 K, the polymorph of 3-ClCA transforms to the polymorph. Interestingly, the structure of the polymorph of 3-ClCA obtained in this transformation is different from the structure of the polymorph of 3-BrCA obtained in the corresponding polymorphic transformation from the polymorph of 3-BrCA, even though the polymorphs of 3-ClCA and 3-BrCA are isostructural. We also report a high-temperature phase transformation from a -type structure to a -type structure for a solid solution of 3-ClCA and 3-BrCA (with a molar ratio close to 1:1). The polymorph of the solid solution is isostructural with the polymorphs of pure 3-ClCA and pure 3-BrCA, while the -type structure produced in the phase transformation is structurally similar to the polymorph of pure 3-BrCA.
Introduction
trans-Cinnamic acid and its derivatives have been central to the development of organic solid-state chemistry, particularly with regard to polymorphism and the demonstration that welldefined structure-reactivity relationships exist for the different polymorphs, which was central to the development of the topochemical principle (Kohlschü tter & Tü scher, 1920; Cohen, 1964 Cohen, , 1975 Hirshfield & Schmidt, 1964; Schmidt, 1964 Schmidt, , 1967 Schmidt, , 1971 Thomas, 1974 Thomas, , 1979 Nakanishi et al., 1981; Hasegawa, 1986; Enkelmann et al., 1993; Harris et al., 1991; Guo et al., 2008) . Crystalline trans-cinnamic acids can be classified into three types (denoted , and ) based on their photochemical behaviour in [2 + 2] photodimerization reactions (Mustafa, 1952; . The -type and -type crystals are photoreactive (the distance between the centres of the C C bonds of potentially reactive monomer molecules is less than ca 4.2 Å ), whereas the -type crystals are photostable (the distance between the centres of adjacent C C bonds is more than ca 4.7 Å ). The difference between the photoreactive -type and -type crystals concerns the geometric relationship between potentially reactive monomer molecules. In -type structures, potentially reactive molecules are related across an inversion centre, which leads to a centrosymmetric dimer molecule upon photodimerization. In -type structures, potentially reactive molecules are instead related by translation, which leads to a mirror-symmetric dimer molecule upon photodimerization.
In this article, we focus on 3-chloro-trans-cinnamic acid (3-ClCA) and 3-bromo-trans-cinnamic acid (3-BrCA). For ISSN 2053 ISSN -2296 # 2018 International Union of Crystallography pure 3-ClCA, two polymorphs are known, corresponding to -type (Kanao et al., 1990) and -type (Kariuki et al., 1996) structures. For pure 3-BrCA, two polymorphs are also known, again corresponding to -type (Kanao et al., 1990) and -type (Ahn et al., 2001) structures. The -type polymorphs of 3-ClCA and 3-BrCA are isostructural, whereas the -type polymorphs of 3-ClCA and 3-BrCA are structurally distinct.
A previous study reported (Ahn et al., 2001 ) that the polymorph of 3-BrCA undergoes a polymorphic transformation to the polymorph on heating above 373 K. In the present article, we investigate the possibility that a phase transformation may also occur for the polymorph of 3-ClCA. Polymorphic phase transformations (Taylor et al., 2014; Khoj et al., 2013; Yates & Sparkes, 2013; Palmer et al., 2012; Pete et al., 2015; Rubin-Preminger et al., 2004; Sørensen & Simonsen, 1989; Das et al., 2010; Hu & Englert, 2005; Zhang et al., 2005; Ahn et al., 2006; Williams et al., 2012 ) represent a 'tipping point' at which a gradual change in conditions (e.g. temperature) leads to the sudden conversion of one crystalline material into another (Dunitz, 1991; Meijer et al., 2003) .
Such processes are often accompanied by loss of crystallinity, with a single crystal of the starting phase transforming to a polycrystalline sample of the product phase. In some cases, however, particularly if the rearrangement involves only relatively minor atomic or molecular movements, a single crystal of the starting material may transform to a single crystal of the product. On rare occasions, reversible singlecrystal to single-crystal transformations may be observed (Rubin-Preminger et al., 2004; Sørensen & Simonsen, 1989; Das et al., 2010; Hu & Englert, 2005; Zhang et al., 2005; Pete et al., 2015) .
The formation of solid solutions composed of mixtures of trans-cinnamic acid derivatives has been reported previously (Hung et al., 1972) and it has been shown (Khoj et al., 2017) that, for a given binary system, solid solutions with a range of diverse structures can be formed depending on the composition of the material. In the case of solid solutions containing 3-ClCA and 3-BrCA [such solid solutions are denoted 3-(Cl/Br)CA], two different -type structures and two different -type structures have been reported (Khoj et al., 2017) . One of the -type structures [denoted (Cl) ] of the 3-(Cl/Br)CA solid solutions is structurally similar to the polymorph of pure 3-ClCA, whereas the other -type structure [denoted (Br) ] of the 3-(Cl/Br)CA solid solutions is structurally similar to the polymorph of pure 3-BrCA. One of the -type structures (denoted ) of the 3-(Cl/Br)CA solid solutions is isostructural with the polymorphs of pure 3-ClCA and pure 3-BrCA, whereas the other -type structure (denoted 0 ) of the 3-(Cl/Br)CA solid solutions has not been observed for either of the pure components. For 3-(Cl/Br)CA solid solutions prepared by crystallization from molten mixtures of 3-ClCA and 3-BrCA, the structure type of the 3-(Cl/Br)CA solid solution has been found to depend on the relative amounts of the two components in the molten phase. The (Cl) polymorph is obtained when the mole fraction of 3-ClCA is in the range x Cl = 0.75-1 and the (Br) polymorph is obtained when the mole fraction of 3-ClCA is in the range x Cl = 0-0.67 (the intermediate region of x Cl = 0.67-0.75 has yet to be explored). The present article includes an investigation of a polymorphic phase transformation for a 3-(Cl/Br)CA solid solution prepared from a mixture with a molar ratio of 1:1 (x Cl ' 0.5).
Experimental

Crystallization
Samples of 3-ClCA and 3-BrCA used in the present work were obtained from Alfa Aesar and solvents were obtained from Fisher. Crystallization was carried out by dissolution in an appropriate solvent and slow evaporation at ambient temperature. The polymorph of 3-ClCA was obtained by crystallization from methanol and the polymorph of 3-BrCA was used as purchased. The polymorphic identity of each material was confirmed by powder XRD.
The 3-(Cl/Br)CA solid solution was prepared by crystallization from a solution containing 3-ClCA and 3-BrCA in a 1:1 molar ratio dissolved in methanol. The powder XRD pattern of the material recovered from the crystallization is similar to the powder XRD patterns of the polymorphs of pure 3-ClCA and pure 3-BrCA, which are isostructural. Thus, the solid solution is identified as the -type structure of 3-(Cl/Br)CA. Crystal structure determinations carried out previously (Khoj et al., 2017) and in this work show that the composition of the 3-(Cl/Br)CA solid solution prepared by this method is approximately (3-ClCA) 0.57 (3-BrCA) 0.43 , and thus contains an excess of 3-ClCA relative to the composition of the crystallization solution.
Powder XRD
Powder XRD data were recorded at ambient temperature on a Bruker D8 instrument operating in transmission mode (Ge-monochromated Cu K 1 radiation). Samples were ground and sandwiched between pieces of transparent tape (foil-type sample holder).
Thermal analysis
Differential scanning calorimetry (DSC) was carried out on a TA Instruments Q100 DSC instrument. The sample (ca 2-4 mg) was placed in a hermetically sealed pan. Heating and cooling cycles were carried out at 20 K min À1 with an equilibration time of 1 min between heating and cooling cycles. Crystal data, data collection and structure refinement details are summarized in Table 1 . Single-crystal XRD data were recorded at ambient temperature using an Agilent SuperNova Dual Atlas diffractometer [mirror monochromator and Cu K ( = 1.54180 Å ) radiation]. H atoms were inserted in idealized positions and refined using a riding model, with U iso (H) values equal to 1.2 or 1.5 times the U eq value of the atom to which it is bonded. Initial refinement with the halogen site occupied by only Cl or only Br showed unusually small or large displacement parameters. An additional electron-density peak from the difference map was then assigned as the other halogen and both C-X distances and displacement parameters were restrained. For the 3-(Cl/Br)CA solid solution, the fractional occupancies of the halogens occupying the site were constrained to a total occupancy of unity.
3. Results and discussion 3.1. Phase transformation of the c polymorph of 3-ClCA DSC data (Fig. 1a) were recorded on heating the polymorph of 3-ClCA from ambient temperature to 473 K and for the subsequent cooling cycle. In the heating cycle, two endotherms are observed (onset temperatures of ca 416 and 436 K); in the cooling cycle, only one exotherm is observed (ca 430 K). The thermal event at 436 K on heating is due to melting and the event at 430 K in the cooling cycle is due to crystallization.
To understand the thermal event at 416 K on heating, a DSC measurement (Fig. 1b) was carried out in which the polymorph of 3-ClCA was heated from 313 to 428 K (i.e. below the melting temperature), then cooled to ambient temperature. In this case, no exotherm is observed in the cooling cycle, indicating that the endothermic process at 416 K on heating is irreversible. Powder XRD data confirmed that Computer programs: CrysAlis PRO (Rigaku OD, 2015) and SHELXS2013 (Sheldrick, 2015a) , SHELXL2013 (Sheldrick, 2015b) and Mercury (Macrae et al., 2008) . Table 2 Crystallographic data for the and polymorphs of pure 3-ClCA and pure 3-BrCA reported in previous publications. DSC data recorded on heating and cooling, starting from the polymorph of 3-ClCA, showing (a) the heating-cooling cycle involving the polymorphic transformation, melting and recrystallization, and (b) the heating-cooling cycle involving only the polymorphic transformation.
the sample recovered from this DSC experiment is the polymorph of 3-ClCA (Figs. 2b and 2d). Thus, the thermal event at 416 K on heating is assigned as a polymorphic transformation from the polymorph to the polymorph of 3-ClCA, with the polymorph remaining as the stable polymorph on cooling to ambient temperature. In the transformation from the polymorph to the polymorph of 3-ClCA, the molecular conformation remains as the anti conformation (see Scheme 1), but the polymorphic transformation is associated with substantial structural reorganization (see Table 2 ) from a herringbone arrangement in the polymorph (Fig. 3a) to a parallel arrangement in the polymorph (Fig. 3b ).
An analogous phase transformation has been reported (Ahn et al., 2001 ) for 3-BrCA, with the polymorph transforming to the polymorph on heating above 373 K. In the present work, DSC results starting from the polymorph of 3-BrCA showed evidence for a transformation at ca 418 K on heating. The transformation from the polymorph to the polymorph again involves significant structural rearrangement [similar to that illustrated in Fig. 4 for the 3-(Cl/Br)CA solid solution, which is discussed in the next section], which in this case involves a change in molecular conformation from anti in the polymorph to syn in the polymorph.
It is noteworthy that, although the polymorphs of 3-ClCA and 3-BrCA are isostructural, the high-temperature polymorphic transformations in these materials produce -type structures that are substantially different from each other.
Phase transformation in a 3-(Cl/Br)CA solid solution
The formation of solid solutions containing 3-ClCA and 3-BrCA has been reported recently (Khoj et al., 2017) The crystal structures of (a) the polymorph of 3-ClCA and (b) the polymorph of 3-ClCA. In each case, two adjacent layers in the crystal structure are shown, with one layer in red and the other layer in blue, and H atoms have been omitted for clarity. Each layer comprises stacks of hydrogen-bonded pairs of molecules.
Figure 2
Powder XRD data calculated for the known crystal structures of (a) the polymorph of 3-ClCA and (b) the polymorph of 3-ClCA. Experimental powder XRD patterns recorded for (c) the polymorph of 3-ClCA and (d) the product obtained following the irreversible phase transformation that occurs on heating the polymorph of 3-ClCA.
Figure 4
The crystal structures of (a) the polymorph of the 3-(Cl/Br)CA solid solution and (b) the (Br) polymorph of the 3-(Cl/Br)CA solid solution. In each case, adjacent layers in the crystal structure are shown, with one layer in red and the other layer in blue, and H atoms have been omitted for clarity. Each layer comprises stacks of hydrogen-bonded pairs of molecules.
present work, a 3-(Cl/Br)CA solid solution with the -type structure was obtained by crystallization from a solution containing 3-ClCA and 3-BrCA in a 1:1 molar ratio dissolved in methanol.
From single-crystal XRD, the composition of a crystal selected from this sample was determined to be (3-ClCA) 0.57 (3-BrCA) 0.43 (Table 1) , in close agreement with the results reported (Khoj et al., 2017) recently for a crystal prepared by the same procedure [for which the composition was (3-ClCA) 0.56 (3-BrCA) 0.44 ]. The -type structure of the 3-(Cl/Br)CA solid solution is isostructural with the polymorphs of the pure end-members 3-ClCA and 3-BrCA. The peak positions in the powder XRD data recorded for the -type structure of the 3-(Cl/Br)CA solid solution indicate that the unit-cell parameters are intermediate between those of the polymorphs of pure 3-ClCA and pure 3-BrCA.
In the light of the polymorphic transformations observed on heating the polymorphs of pure 3-ClCA and pure 3-BrCA, it is relevant to investigate whether the -type structure of the 3-(Cl/Br)CA solid solution also undergoes a phase transformation at elevated temperature, and if so, to establish whether the structure formed is analogous to the -type structure of pure 3-ClCA or to the -type structure of pure 3-BrCA. DSC data (Fig. 5a ) recorded on heating the -type structure of the 3-(Cl/Br)CA solid solution reveals an endotherm at ca 413 K and a symmetric endotherm (representing melting) at ca 437 K. The symmetric melting peak observed is consistent with the sample being a monophasic solid solution, rather than a physical mixture of pure 3-ClCA and pure 3-BrCA (which may be expected to show an asymmetric melting peak). For the cooling cycle, an exotherm at ca 426 K arises due to crystallization. Further DSC data (Fig. 5b) , recorded on heating the sample to 428 K (below the melting temperature) followed by cooling, show that the polymorphic transformation is irreversible. Powder XRD data (Fig. 6 ) recorded for the material recovered from each DSC experiment resembles the powder XRD pattern of the polymorph of 3-BrCA in each case, thus confirming the assignment of the product from the phase transformation as the (Br) structure type of the 3-(Cl/Br)CA solid solution.
The phase transformation has also been confirmed by single-crystal XRD, with the same crystal used for structure determination before and after heating (Table 1) . A preliminary investigation revealed that a significant amount of sublimation occurred when the crystal was held at a high temperature for an extended period of time, as required to carry out the phase transformation and to complete the singlecrystal XRD data collection at the same temperature. For this reason, the phase transformation was carried out ex situ by placing the crystal on a glass slide at 418 K for ca 90 s, before carrying out a single-crystal XRD data collection at low temperature (293 K) on the crystal following the phase transformation. The crystal size decreased to around one-third of the original size as a consequence of sublimation, and it is noteworthy that the 3-ClCA and 3-BrCA molar ratio in the crystal changed from (3-ClCA) 0.57 (3-BrCA) 0.43 in the -type structure before the transformation to (3-ClCA) 0.51 (3-BrCA) 0.49 in the (Br) -type structure after the transformation, indicating preferential loss of 3-ClCA through sublimation. Although it is clear from this single-crystal XRD study that the -type structure of the 3-(Cl/Br)CA solid solution transforms to the (Br) structure type in this high-temperature phase transformation and remains as the (Br) structure type on returning to ambient temperature, mechanistic details of the phase transformation remain to be understood as it is unclear at this stage Powder XRD data calculated for the crystal structures of (a) the -type structure of the 3-(Cl/Br)CA solid solution and (b) the (Br) -type structure of the 3-(Cl/Br)CA solid solution. Crystallographic data for these structures are given in Table 1 . Experimental powder XRD patterns recorded for (c) the -type structure of the 3-(Cl/Br)CA solid solution and (d) the product obtained following the irreversible phase transformation that occurs on heating the -type structure of the 3-(Cl/Br)CA solid solution. DSC data recorded for the polymorph of the 3-(Cl/Br)CA solid solution, showing (a) the heating-cooling cycle involving the polymorphic transformation, melting and recrystallization, and (b) the heating-cooling cycle involving only the polymorphic transformation. The loop in the cooling cycle is due to supercooling. Supercooling occurs on cooling the sample from the melt and the subsequent sudden release of energy on crystallization leads to a temperature rise in the sample and hence the loop observed (Anestiev & Malakhov, 2006). whether the partial sublimation of the original crystal plays any role in the phase transformation mechanism.
Concluding remarks
For both pure 3-ClCA and pure 3-BrCA, an irreversible transformation from the polymorph to the polymorph occurs in a similar temperature region (ca 416 and 418 K, respectively), which is also close to the temperature (413 K) of an irreversible transformation observed for the 3-(Cl/Br)CA solid solution with a molar ratio close to 1:1. These observations suggest that the polymorphs of 3-ClCA, 3-BrCA and 3-(Cl/Br)CA are metastable relative to the corresponding polymorphs across the temperature range investigated. In each case, the polymorphic transformation involves considerable structural reorganization (see Figs. 3 and 4) .
Although the polymorph of pure 3-ClCA is isostructural with the polymorph of pure 3-BrCA, the structure of the polymorph produced in the polymorphic transformation for 3-ClCA is different from the structure of the polymorph obtained in the corresponding transformation for 3-BrCA. The -type structure of the 3-(Cl/Br)CA solid solution is isostructural with the polymorphs of pure 3-ClCA and pure 3-BrCA. On heating the polymorph of the 3-(Cl/Br)CA solid solution, the (Br) structure obtained following the phase transformation is structurally similar to the polymorph of pure 3-BrCA (rather than the polymorph of pure 3-ClCA). The effect of varying the composition of the 3-(Cl/Br)CA solid solution on the polymorphic transformation and, in particular, the effect of composition on the structure type of the product phase obtained will be the focus of future research. 
Computing details
For both structures, data collection: CrysAlis PRO (Rigaku OD, 2015 ); cell refinement: CrysAlis PRO (Rigaku OD, 2015) ; data reduction: CrysAlis PRO (Rigaku OD, 2015) ; program(s) used to solve structure: SHELXS2013 (Sheldrick, 2015a ); program(s) used to refine structure: SHELXL2013 (Sheldrick, 2015b) ; software used to prepare material for publication: SHELXL2013 (Sheldrick, 2015b) .
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